Sumpio BE. Pulsatile to-fro flow induces greater and sustained expression of tissue factor RNA in HUVEC than unidirectional laminar flow. Am J Physiol Heart Circ Physiol 300: H1345-H1351, 2011. First published January 21, 2011; doi:10.1152/ajpheart.01197.2010.-Tissue factor (TF) is expressed in atherosclerotic lesions. Since mechanical forces influence endothelial cell (EC) function and are thought to account for the unique distribution of atherosclerosis in areas exposed to disturbed flow, we hypothesized that disturbed to-fro flow (TFF) and unidirectional pulsatile forward flow (PFF) would have different effects on TF expression in EC. TF RNA expression in HUVEC exposed to mechanical stress in the presence or absence of chemical stimulation with thrombin was determined. TFF induced a significantly higher TF expression than PFF that was sustained for 8 h. Combination of mechanical and chemical stimuli induced significantly higher TF expression than only mechanical stresses, and this effect was synergistic in both TFF and PFF. The MAPK p38 inhibitor SB-203580 significantly inhibited TF expression induced by mechanical and chemical stimulations, but the MEK inhibitor PD-98059 did not inhibit TF induced by TFF. Immunoblotting revealed that ERK1/2 phosphorylation induced by TFF was sustained for 120 min, whereas that induced by PFF was not. We conclude that disturbed flow induced greater and sustained amplification of TF expression, and this synergistic effect may be regulated by p38 MAPK and ERK1/2. These results provide added insight into the mechanism of atherosclerosis in areas of disturbed flow.
ALTHOUGH THERE ARE MANY RISK FACTORS for atherosclerosis, the localization of atherosclerotic lesions remains surprisingly constant among symptomatic and asymptomatic patients (6) . This observation has led researchers to hypothesize that hemodynamic conditions prevalent in such areas are responsible for the distribution of atherosclerosis (3, 15) .
Two major types of blood flow are observed in the human vascular tree, laminar flow and disturbed flow (14) . Unidirectional laminar flow is present in large straight segments of the arterial vasculature and is characterized by parallel layers of flow, with minimal disturbance between those layers. Conversely, in areas of complex geometry such as arterial bifurcations and curvatures, blood flow exhibits variations in velocity and direction, such as flow reversal and turbulence (8, 14) . This type of flow pattern has been termed disturbed flow. These flow patterns generate various mechanical forces that can influence endothelial cells (EC), which line the lumen of blood vessels. It has been hypothesized that the different types of mechanical forces may have different effects on EC function and dysfunction, which can lead to atherogenesis (8, 20) .
Tissue factor (TF) is a membrane-bound glycoprotein that is the primary initiator of the extrinsic pathway of the coagulation cascade (26) . TF is now recognized to also function as a mediator of different cell populations. TF-dependent signaling regulates a broad range of biological processes, including hemostasis, thrombosis, inflammation, angiogenesis, and tumor growth (18) . Since it has been reported that TF contributes to inflammation in a variety of disease models (4) , the role of TF in atherosclerosis, in which inflammation and endothelial dysfunction are the key mechanisms, has attracted attention by many researchers. Although under physiological conditions TF is undetectable in EC, several studies have shown a substantial increase in TF levels in atherosclerotic lesions (27, 29) . Furthermore, in a model of TF pathway inhibitor-deficient mice (28) , significantly higher levels of atherosclerosis were observed in areas of disturbed flow, indicating that inhibition of TF activity is an important atheroprotective mechanism. An excessive expression of TF could result in an acute thrombotic event, leading to a grave complication of atherosclerosis (26) .
Although there are a number of reports on the effects of specific types of mechanical forces on EC function, the purpose of this study was to directly compare the effects of unidirectional laminar flow and disturbed flow utilizing the same cell type, experimental design, and analytical methods. Our goal was to not only clarify the effect of unidirectional pulsatile laminar flow and disturbed to and fro flow on TF expression in EC but also to investigate the critical signal transduction pathways that might be involved.
MATERIALS AND METHODS
Cell culture. Primary cultures of human umbilical vein endothelial cells (HUVEC) were obtained from Dr. Jordan Pober (Department of Pathology, Yale University School of Medicine). Cells were cultured in 75-cm 2 flasks with M-199 culture medium enriched with 20% fetal bovine serum (FBS; Gemini Bio-Products, West Sacramento, CA), 50 g/ml EC growth supplement (BD Biosciences, Bedford, MA), and penicillin-streptomycin antibiotic combination (100 U/ml and 100 g/ml, respectively; Invitrogen, Grand Island, NY) in an incubator at 37°C and humidified 5% CO 2. After reaching confluence, trypsin was used for detachment, and passage 2 to 5 cells were seeded on fibronectin (BD Bioscience) coated glass slides (75 ϫ 38 mm; Fisher Scientific, Pittsburgh, PA). When HUVEC reached confluence, they were incubated for 2 h in FBS-free medium for synchronization.
Mechanical stress exposure. EC were exposed to mechanical forces utilizing a parallel-plate flow chamber system (Cytodyne, San Diego, CA). The magnitude of shear stress was calculated as described previously (5) . One percent FBS medium was used during the appli-cation of shear stress and was kept at 37°C in a 5% CO2 environment. The perfusion medium was driven by a computer-controlled syringe pump (PHD 2000 Programmable; Harvard Apparatus, Holliston, MA), which was programmed to generate different flow profiles. The syringe pump is controlled by a small-angle stepping motor and solenoid valve, which drives a lead screw to compress the syringe plunger. This allows both infusion and withdrawal of medium with accuracy within 0.35% and reproducibility within 0.05%. In unidirectional pulsatile forward flow (PFF) experiments, an automated switch clamp (Auto-Fill valve box; Harvard Apparatus) is interlocked with the syringe pump and is designed to open at infusion and close at withdrawal. The switch clamp was not used for the to-fro flow (TFF) experiments. Shear stresses of 14 dyne/cm 2 were applied as either 1) 1 Hz PFF (a repeated sequence of square-wave impulses at a frequency of 1 Hz), or 2) 1 Hz TFF (a repeated sequence of squarewave different directional impulses alternately at a frequency of 1 Hz). In the TFF model, the flow chambers were directly attached to the flow loop circuit, which enabled culture medium in the flow chamber to be exchanged by every to-fro impulse. In practice, approximately one-tenth of the culture media in the flow chamber was exchanged every 1 s. These two types of experiments were executed simultaneously as a set of paired experiments, utilizing two identical flow apparatuses and with the same passage cells at the same time. EC not subjected to shear stress were kept in the incubator and served as a static control.
Chemical stress exposure under static and flow conditions. Four units per milliliter of thrombin (Th) was applied to HUVEC under static conditions and HUVEC exposed to either PFF or TFF and was present throughout the entire experiments. These three types of experiments were performed simultaneously as paired experiments.
Intracellular signaling pathway inhibitor application. In some experiments, a specific inhibitor of mitogen-activated protein kinase (MAPK)-extracellular signal-regulated kinase (ERK) kinase (MEK)1, PD-98059 (Promega, San Diego, CA), and a specific inhibitor of p38 MAPK, SB-203580 (Promega), were added. They were dissolved in dimethyl sulfoxide (DMSO) and then diluted with medium to 10 M in final concentration. Inhibitors or DMSO alone were added to the culture media 60 min prior to start of the experimentation, as described previously. Experiments using inhibitors were performed at the same time as control experiments using DMSO, utilizing the same cells.
RNA isolation and measurement of TF RNA levels. After the completion of experiments, RNA was isolated using the RNeasy Mini kit (Qiagen Sciences, Germantown, MD) according to the manufacturer's instructions, followed by reverse transcription using the iScript reverse transcription kit (Bio-Rad Laboratories, Hercules, CA). TF RNA levels were estimated with quantitative real-time PCR, with ␤-actin serving as the house-keeping gene. The iQ SYBR Green Supermix (Bio-Rad Laboratories) was used, and all RT-PCR reactions were performed in a CFX96 Thermal Cycler machine (Bio-Rad Laboratories). Primer sequences for TF were forward 5=-GCC AGG AGA AAG GGG AAT-3= and reverse 5=-CAG TGC AAT ATA GCA TTT GCA GTA GC-3=. Sequences for ␤-actin were forward 5=-TCA CCC ACA CTG TGC CCA TCT ACG A-3= and reverse 5=-CAG CGG AAC CGC TCA TTG CCA ATG G-3=. Primers were purchased from Integrated DNA Technologies (Coralville, IA). The Pfaffl method was used to calculate fold changes in TF mRNA expression levels (23) .
Immunoblotting. After experimentation, EC were washed in icecold phosphate-buffered saline twice and scraped in lysis buffer (50 mmol/l HEPES, pH 7.4, 150 mmol/l sodium glycerol, 1% Triton X-100, 1.5 mmol/l sodium orthovanadiate, 10 mg/ml leupeptin, and 1 mmol/l phenylmethylsulfonyl fluoride). Cell extracts were centrifuged at 15,000 g for 20 min, and supernatants were collected. Protein content was measured by the Bio-Rad protein assay system (Bio-Rad Laboratories). Laemmli sample buffer was added to equal amounts of each sample and boiled for 5 min. Samples were resolved by 10% Tris·HCl polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (Amersham, Arlington Heights, IL). To assess activation of p38 MAPK and ERK1/2 by determining their phosphorylation state, the membrane was probed with anti-phosphospecific antibodies (Cell Signaling Technology, Danvers, MA) and horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology). Immunodetection was carried out by chemiluminescence (Amersham) and quantified with Phosphoimager densitometry (Molecular Dynamics, Sunnyvale, CA). To ensure equal loading, membranes are stripped and reprobed with the respective total antibodies (Cell Signaling Technology).
Statistical analysis. The results are presented as means Ϯ SE of at least three separate experiments. Statistical significance was determined by analysis of variance (ANOVA) followed by a multiple comparison procedure or paired t-test, depending on the type of each variables. Statistical significance was defined as P Ͻ 0.05. Statistical analysis was performed using SPSS 16.0 for Windows software package (SPSS, Chicago, IL).
RESULTS
TF RNA expression levels. Mechanical stimulation with PFF or TFF, chemical stimulation with Th, combination of PFF and Th, and combination of TFF and Th induced TF RNA expression in HUVEC (Fig. 1) . Figure 1A shows TF RNA expression levels in the cells exposed to mechanical or chemical stimuli. Stimulation with Th led to a 3.7 Ϯ 0.3-fold increase in TF expression that peaked at 2 h, which gradually declined until 8 h. At 8 h, TF expression induced by Th was not significantly different from static control, whereas the differences were significant at 2, 4, and 6 h. PFF induced a 4.52 Ϯ 0.7-fold increase in TF RNA expression, which was significantly higher than that in static control for Յ8 h. TF RNA expression induced by TFF alone peaked to 8.4 Ϯ 1.7-fold at 2 h, which was sustained for Յ8 h. TFF induced significantly higher TF expression than PFF (ANOVA, P Ͻ 0.05) and Th (ANOVA, P Ͻ 0.05), especially at the 2-and 8-h time point (P Ͻ 0.05, post hoc analysis of Bonferoni). In addition, the difference between TF expression at 2 and at 8 h was statistically significant in the Th and PFF groups, but it was not in the TFF group.
The combination of mechanical and chemical stimuli shown in Fig. 1B induced significantly higher TF expression than only mechanical stresses shown in Fig. 1A . TF RNA expression induced by PFF ϩ Th peaked at 15.0 Ϯ 2.5-fold at 2 h, which was significantly higher than that induced by PFF alone (ANOVA, P Ͻ 0.05). Combination stimulation with TFF ϩ Th led to 19.5 Ϯ 3.4-fold increased TF expression at 2 h, and this induction was sustained for Յ8 h. TF expression in cells exposed to TFF ϩ Th was significantly greater than those in cells exposed to Th, PFF alone, TFF alone, and the combination of PFF pllus Th (ANOVA, P Ͻ 0.05). Post hoc analysis revealed that the differences between TFF ϩ Th and PFF ϩ Th were statistically significant at 4, 6, and 8 h. Furthermore, although TF expression in the PFF ϩ Th group at the 2-h time point was significantly higher than that at 8 h (paired t-test, P Ͻ 0.05), TF RNA expressions in the TFF ϩ Th group were not statistically different between 2 and 8 h.
TF RNA expression under treatment with inhibitors. We assessed whether TF RNA expression induced by mechanical and/or chemical stimuli could be blocked by inhibition of the p38 MAPK or ERK1/2 signaling pathway. For these experiments, we performed simultaneous paired experiments of DMSO control and experiments using inhibitors, utilizing the same passage cells. Figure 2 demonstrates TF RNA expressions in DMSO controls and those under inhibitor treatments. TF expression levels in controls were not statistically different among PFF experiments (Fig. 2 , A-C) and among TFF experiments (Fig. 2,  D-F) . Ten micromolars of the p38 inhibitor SB-203580, 10 M of the MEK1 inhibitor PD-98059, and the combination of these two inhibitors demonstrated significantly diminished TF RNA expression in static control (Fig. 2, A-F, open bars) and Th under static conditions (Fig. 2, A-F, dotted bars) .
In PFF experiments, PD-98059 ( Fig. 2A) , SB-203580 (Fig.  2B) , and the combination of these two inhibitors (Fig. 2C) significantly inhibited TF RNA expression induced by PFF alone (Fig. 2 , hatched gray bars) and PFF ϩ Th (Fig. 2, black  bars) . On the other hand, PD-98059 did not demonstrate significant inhibition of TF expression induced by TFF (Fig.  2D , hatched gray bars) and by TFF ϩ Th (Fig. 2D, black bars) , although the degree of inhibition by SB-203580 was significant (Fig. 2E ). Combination treatment with PD-98059 and SB-203580 ( Fig. 2F ) showed significant inhibition of TF RNA expression.
Immunoblots of p38 MAPK and ERK1/2. To confirm the effect of different types of mechanical and/or chemical stimuli on the activation of p38 MAPK and ERK1/2 signaling pathways in HUVEC, we assessed phosphorylation of p38 MAPK and ERK1/2 by immunoblot analysis. As shown in Fig. 3 , A and C, p38 phosphorylation was induced by both mechanical and/or chemical stimuli. Magnitude of p38 activation induced by 4U/ml Th was less than that induced by PFF or TFF. Magnitude and time course of p38 activation induced by PFF was almost the same as those induced by TFF (Fig. 3, A-C) . Figure 4 demonstrates that ERK phosphorylation was induced by both mechanical and/or chemical stimuli, whereas magnitude of ERK activation induced by 4U/ml Th was less than that induced by PFF or TFF. Immunoblots of ERK within the 30-min time course are shown in Fig. 4A , and the densitometric means are summarized in Fig. 4C . Although TFF tended to induce higher and sustained activation of ERK1/2 than PFF, there was no significant difference. However, as shown in Fig.  4 , B and C, ERK activation induced by TFF was increased between 60 and 120 min, whereas that induced by PFF was decreased between 60 and 120 min. ERK activation by TFF for 120 min was significantly higher than that by PFF for 120 min (t-test, P Ͻ 0.05).
DISCUSSION
Typical atherogenic flow patterns involve flow separation, gradients, flow reversal, and turbulence (8) . In atheroprone regions, wall shear stress is highly fluctuating but with an overall low mean value. These flow patterns are often grouped under the term disturbed flow (20) . Regions of disturbed flow in vivo are associated with high rates of both EC proliferation and apoptosis, failure to align in the direction of flow, and increased production of inflammatory mediators, all of which promote progression toward atherosclerosis (16, 20) . TFF is a reasonable model of disturbed flow, since it consists of flow reversals. In contrast, unidirectional laminar flow has been reported to be atheroprotective (20) . EC in atheroprotective regions, where laminar flow in the same direction generates high shear, have characteristics such as low levels of cell turnover, alignment in the direction of flow, and expression of anti-inflammatory genes (8) . PFF in our model may be analogous to unidirectional laminar flow.
The present study demonstrates that distinct hemodynamic and chemical stimuli have different effects on TF RNA ex- pression. Disturbed TFF shear induced greater magnitude of TF RNA expression in HUVEC than unidirectional pulsatile laminar flow and also induced longer sustained TF expression than unidirectional laminar flow. Based on the experiments utilizing inhibitors, p38 MAPK and ERK1/2 may play a critical role in the increase in TF RNA expression. Furthermore, activation of ERK1/2 induced by disturbed flow was sustained longer than that induced by laminar flow, which may explain the sustained TF RNA expression. Since previous studies show that TF is overexpressed in atherosclerotic lesions, where disturbed flow patterns are prevalent (27, 29) , our findings are consistent with the hypothesis that mechanical stimuli such as fluid shear and chemical stimuli such as Th may influence TF expression levels in these lesions.
We used a computer-controlled syringe pump attached to a flow loop circuit to generate square-wave impulses at 1 Hz. Frequency has been reported to be an essential determinant of cell response to pulsatile environments (2), and our group previously examined the effect of different frequencies of pulsatile flow (0.1, 0.5, 1.0, and 1.5 Hz) on EC. We confirmed that only pulsatile shear at 1 Hz induced significantly higher rates of EC proliferation compared with static control (13) , and this is why we utilized this frequency for the present study. Furthermore, the magnitude of shear was set to 14 dyne/cm 2 because under physiological conditions the mean shear stress in large conduit arteries, such as the aorta, has been calculated to be between 10 and 20 dyne/cm 2 (20) , and we have reported previously that a minimum shear stress of 7-14 dyne/cm 2 is necessary for cell response to laminar shear in vitro (12) . One limitation of our model is that although theoretically these frequencies and magnitudes of shear were assumed to be square-wave impulses, they might actually be more trapezoidal waves due to friction of the glass syringe and the response rate of the solenoid valve controlling the pump. Although times needed to infuse and to withdraw the medium were negligibly short due to the capacity of syringe pump, and although the manufacturer stated that its accuracy was within 0.35% and its reproducibility was within 0.05%, there would be a small time lag switching between infusion and withdrawal. In addition, the automated switch clamp, which was mounted into the flow circuit between the syringe and flow chambers, could be another potential reason for inaccuracy of flow pattern. Although the switch clamp was interlocked to the computercontrolled syringe pump, there may be a time lag from electrical signal to mechanical switch. This latter effect may be more significant in the bidirectional TFF model, compared with the unidirectional PFF model. There is also the possibility that metabolites may accumulate, even though the culture media in the flow chamber were exchanged by every impulse of to-fro flow. However, based on the stability of the pH indicator of the medium and the maintenance of cell morphology, the HUVEC seemed not to be affected.
Despite the above caveats, this study clearly shows that the same frequency and magnitude of TFF and PFF have different effects on TF RNA expression, with TFF inducing a higher and more sustained elevation of TF. It has been generally accepted that EC in regions of unidirectional, uniform laminar shear have a quiescent, anti-inflammatory phenotype, and these regions are relatively resistant to atherosclerosis (8, 14, 20) . Although application of laminar shear to EC has been reported to initiate rapid signaling events, which include release of nitric oxide, production of reactive oxygen species, and activation of transcription factors such as NF-B, many of these reactions are transient (1, 8, 10, 17) . In this regard, Houston et al. (9) reported transient activation of TF promoter that peaked at 4 h after application of 15 dyne/cm 2 steady laminar shear but declined to baseline within 24 h. By contrast, EC in regions of disturbed shear have an activated proinflammatory phenotype, which is associated with high susceptibility to atherosclerosis (8, 14, 20) . Although many of the same events occurring with laminar shear are stimulated, the induction by disturbed flow is sustained and followed by changes in gene expression, many of which are involved in inflammation, oxidative stress, and atherogenesis (22, 31) . Our results indicate that PFF induced TF RNA expression, which peaked at 2 h and decreased within 8 h. This induction was transient, with TF expression at 8 h significantly lower than that at 2 h. On the other hand, TF RNA expression induced by TFF was sustained, and there was no difference between 2 and 8 h. Although the pilot experiments were performed for up to 24 h, after 24 h of exposure to mechanical and/or chemical stresses, many cells were detached from the glass slides, especially in the TFF group. We also found that the number of cells started to decrease after 12-h exposure. This was confirmed by RNA expression levels of ␤-actin at 12 and 24 h, which were slightly but significantly lower than those at 2 h. Therefore, we chose to evaluate TF expression under the different flow conditions within an 8-h time course.
Since TF has been demonstrated to have a different localization between normal vessel and atherosclerotic lesions (29) , numerous studies concerning the role of TF in the pathology of atherosclerosis have been published (17, 32) . In healthy arteries, TF is expressed in fibroblasts, pericytes, and smooth muscle cells, whereas it is detected in EC and foam cells only in atherosclerotic lesions (27, 29) . In vitro studies have demonstrated that the acute stimulation of cultured EC with laminar shear stress results in a transient but impressive activation of TF (17, 32) . Muluk et al. (21) measured TF expression by a functional surface assay in venous grafts subjected to not only pulsatile flow and pressure but also twisting and stretching. Compared with the nonpulsatile venous condition, exposure to arterial hemodynamic condition for 6 h induced significant threefold expression of TF. Although their system was designed to be analogous to hemodynamic conditions in the coronary artery, it was too complex to evaluate the effects of each type of mechanical force, since it exerted four types of forces at the same time. In contrast, in the present study, we focused on the effects of flow, excluding other factors such as pressure and stretch but instead comparing the effects of two different types of laminar flows, PFF and TFF. TF RNA expression induced by PFF showed a 3.28-fold increase at 6 h compared with static control, which was consistent with the results of Muluk et al. (21) , but gradually decreased to the baseline over 8 h. TF expression induced by TFF, on the other hand, had not been reported, to the best of our knowledge. HUVEC exposed to TFF expressed greater magnitude of TF RNA than those exposed to PFF, and they expressed sustained TF RNA levels for at least 8 h, lasting longer than PFF group. Regarding the effects of stretch, which was applied in the study by Muluk et al. (21), we have examined the effect of cyclic strain on TF RNA expression in HUVEC in other series of experiments (30) . The results demonstrated that cyclic strain did not induce TF expression, but it delayed TF expression induced by Th, suggesting that there was an interaction between mechanical and chemical stimulations. All of these findings are the first demonstration of the differences in TF expression levels induced by different types of mechanical forces. These differences might explain the pivotal role of TFF in pathophysiology of atherogenesis and thrombosis.
As described above, the present study demonstrated an increase in TF RNA expression in response to mechanical stimulations, chemical stimulation, and the combination of them. It indicates that certain mechanical forces and chemical stimulants induce TF expression independently, whereas there may also be synergistic interaction between some mechanical and chemical stimuli. The combination of PFF ϩ Th and the combination of TFF ϩ Th yielded greater TF RNA expression levels than theoretical values calculated by adding results of mechanical stress alone values with chemical stress alone values, suggesting that these inductions were not only additive but also synergistic. Furthermore, although the synergistic effect by combination of PFF and Th was observed only at 2 h, the synergistic effect induced by TFF and Th lasted for 8 h (Table 1) . These findings are consistent with the hypothesis that different mechanical forces may activate different intracellular signaling pathways or that the combination of TFF and Th may activate different pathways that the combination of PFF and Th does not. Our studies also suggest that different temporal pattern of ERK1/2 activation between TFF and PFF may be relevant to this phenomenon, but the mechanism needs to be investigated further.
Previous reports indicate that the p38 and ERK1/2 signaling pathways have a major role in mediation of TF expression (24, 25) . We observed in our studies that the p38 inhibitor SB-203580 inhibited TF expression in HUVEC stimulated with Th, PFF, and TFF by ϳ48, 43, and 45%, respectively. On the other hand, ERK inhibitor PD-98059 inhibited TF expression induced by Th and by PFF by ϳ57 and 50%, respectively, whereas its effect on TF expression induced by TFF was 19% (P Ͻ 0.05 compared with Th, paired t-test). These results were confirmed by at least three independent experiments, demonstrating a small range of standard errors as shown in Fig. 2 . Inhibition of p38 using SB-203580 was followed by diminished TF RNA expression in HUVEC exposed to PFF to the same extent as those exposed to TFF. Meanwhile, inhibition of ERK1/2 using PD-98059 led to a decrease in TF expression by cells exposed to PFF, but it did not lead to a significant decrease in TF expression by cells exposed to TFF. These results again suggest that intracellular responses to these two different types of mechanical forces are regulated in the different ways. There might be two possible mechanisms to explain the inhibitor data. One possibility is that the role of ERK1/2 was less important in the intracellular signaling of TF expression in the TFF model compared with the PFF model. The other possibility is that ERK1/2 activation is critical and was activated higher in the TFF model than in the PFF model, but the equivalent concentration of PD, which was enough to inhibit TF expression induced by PFF, was not enough to inhibit TF expression induced by TFF. Based on the immunoblots shown in Fig. 4 , ERK1/2 phosphorylation induced by TFF was more robust than that by PFF, especially in the later time points. These results suggest that ERK1/2 played an important role in intracellular mechanism of TF expression induced by TFF. In this regard, Kadohama et al. (13) reported the effects of different types of fluid shear stress on ERK1/2 activation in bovine aortic EC. They demonstrated that PFF induced a ninefold increase in ERK1/2 phosphorylation, which peaked at 5 min and declined within 120 min. On the other hand, TFF induced continuous activation of ERK1/2 from 15 to 120 min, which was sustained about fivefold compared with that at 0 min. Their results are different from ours, since ERK1/2 activation induced by PFF did not decrease to baseline until 120 min, and it was higher than that induced by TFF at 120 min. One problem may be that it is difficult to directly compare the studies utilizing bovine cells and human cells. For instance, PFF stress in the Kadohama et al. (13) report clearly demonstrated a transient peak of ERK1/2 phosphorylation, whereas the induction by TFF was sustained at the same level. These features are consistently observed in both their and our studies.
Another important finding was that the decrease in TF RNA expression in the presence of the inhibitor was similar between PFF and PFF ϩ Th groups and between TFF and TFF ϩ Th groups. In the presence of SB-203580, TF expression was inhibited by ϳ43% in PFF and 52% in PFF ϩ Th (not significant, paired t-test) and 45% in TFF and 53% in TFF ϩ Th group (not significant). In the presence of PD-98059, inhibition was ϳ50% in both PFF and PFF ϩ Th (not significant), 19% in TFF, and 24% in TFF ϩ Th (not significant). These data suggest that the addition of the chemical stimulus produced no difference in the degree of inhibition from the mechanical stress alone and that mechanical signaling plays a more dominant role than chemical stimulation in activation of p38 and ERK in HUVEC exposed to mechanochemical stimulation. Taken as a whole, our results are consistent with our postulate that p38 or ERK signaling pathways seem to play a prominent role in elevation of TF expression.
We chose to measure TF RNA expression levels for these studies rather than TF protein levels or TF activity. First, measurement of RNA expression level is expected to allow earlier and more accurate detection of changes in gene responses compared with measurement of protein or activity levels that are final products and subject to posttranscriptional and posttranslational modifications (11) . Assesment of TF expression is more relevant in studies evaluating acute intra- cellular responses (11) . For instance, although our pilot studies measuring TF activities in HUVEC exposed to Th or pulsatile flow demonstrated the same pattern as TF RNA expression levels (data not shown), the peak of TF activity occurred at 4 h and continued to accumulate at the later time points, and so it is not a sensitive indicator of changes in the presence of inhibitors. Second, measurement of TF activity may be influenced by structural modifications to TF protein, such as encryption and decryption, and can also be influenced by cellular localization since biologically active TF should be located at the cell surface (19, 26) . Both of these issues would complicate the study of regulation of TF expression by second messengers. Furthermore, the additional influence of binding of TF protein to extracellular proteins complicates accurate assessment of TF activity. Furthermore, it has also been reported that there may be concomitant secretion of TF pathway inhibitor induced by shear stress that would decrease TF activity (7).
In conclusion, our study demonstrated that disturbed TFF induced greater and sustained amplification of TF RNA expression than unidirectional PFF in the presence and absence of chemical stimuli. It also illustrated that chemical stimulus added to a mechanical stress environment had synergistic impact on the endothelial response, and this synergistic effect was also sustained in the TFF environment. In addition, these responses may be regulated by p38 MAPK and ERK1/2. These results provide added insight into not only the mechanosensing role of EC but also mechanical -chemical interaction. These findings warrant further investigation of the mechanism of atherosclerosis in areas exposed to disturbed flow.
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